and tetravalent metals having ionic radii of 80 -120 pm. 2 The carboxylic and aminopolycarboxylic acids have been studied as a reagent of reverse-extraction of An. 21, 22 However, these reagents require pH adjustment using a solution including Na + or NH4 + . The advantages of water-soluble DGA are: (1) its applicability on various metals stripping, (2) a neutral ligand and it does not neutralize the metal cation, and (3) its strong complexing ability from pH region to acidic solution. The utility for reverse-extraction using water-soluble DGA is described in this paper. The structures of the twelve comparable acids and TODGA, an extractant, are shown in Fig. 1 . The ability of the reverse-extraction of An and non-radioactive metals by DGA in addition to other reagents is discussed.
Experimental

Reagents
All reagents (acetylacetone (ACAC), diglycolic acid (DGAc), 3,6-dioxaoctanedioic acid (DODA), ethylenediamine-N,N,N′,N′-tetraacetic acid (EDTA), glycolic acid (GAc), 3-methyliminodiacetic acid (MIDAc), 2-phenylmalonic acid (PMAc), and 3-thiadiglycolic acid (TDGAc); all analytical grade of Wako Pure Chemical Industries, Ltd.) were used without purification. DPDGAc (N,N-dipropyldiglycolamic acid) was synthesized by mixing diglycolic anhydride with dipropylamine in ethylacetate. 13 After synthesis, the products were purified by repeated passage in a suitable eluent through silica gel columns. The synthetic method of TMDGA, TEDGA and TPDGA is the same as that reported for TODGA. 13 After synthesis, the samples were purified by crystallization, distillation and silica-gel column separation. Other reagents, e.g., dodecane and nitric acid, were of analytical grade.
Solubility in water and the polar organic solvents
The solubilities of the reagents in water were measured. After a sample solution prepared by dissolving the reagent at 80˚C was cooled to 25˚C, the crystal or the organic residue in solution was checked by observation. The solubilities of the watersoluble DGA in the polar organic solvents were determined by UV spectrometry. DGA has a strong absorption with the π ⇒ π* transition by the carbonyl group at ca. 200 nm. Diluents with no absorption around 200 nm, e.g., primary alcohol, were employed.
Extraction procedure
The complexing ability of metals by DGA was measured by the solvent-extraction method. A certain concentration (0.2 -1.0 M (= mol/dm 3 )) of nitric acid containing the reagents (concentration: 10 -5 -5 × 10 -1 M), and the metals ( 241 Am(III), 238 Pu(IV), Ca(II), Sc(III), Y(III), Zr(IV), La(III), Hf(IV) and Bi(III)) was used as the aqueous phase and 0.2 M TODGA/dodecane, after pre-equilibrium with the same concentration of HNO3 with those for extraction, was used as the organic phase. The concentrations of the metal ions in the aqueous phase were: 241 Am, 10 -9 ; 238 Pu(IV), 10 -9 ; Ca, 100; Sc, 100; Y, 100; Zr, 100; La, 100; Hf, 100; Bi, 100 ppm. The organic phase (0.5 -1.0 ml) was shaken mechanically with the same volume of aqueous phase at 1500 rpm for 50 min at 25 ± 0.1˚C. The shaking-time dependence was investigated previously, and 50-min was determined to be sufficient to attain equilibrium. 16 Sample preparation from the aqueous and the organic phases after extraction After centrifuging, 0.4 ml of the aqueous phase containing non-radioactive metal was diluted with nitric acid and distilled water, in order to obtain a suitable concentration for an ICP measurement. The organic phase, 0.4 ml, was taken and the ions in the aliquot were stripped twice by using 1 ml 0.01 M HNO3 for Ca(II), Sc(III), Y(III), La(III), Bi(III), and 0.2 M oxalic acid/2 M HNO3 for Zr(IV) and Hf(IV). The temperature for the backward-extraction was controlled to 35˚C in order to accelerate the metal-stripping. The concentrations of metal ion in the sample solutions were measured by ICP-AES (SPS 3100, Seiko Instrument).
The alpha activities of 238 Pu and 241 Am in the aqueous and in the organic phases were determined as the following method. An aliquots of both phases were taken and mixed with 5 ml of a PICO-AQUA cocktail. The activities in the sample solutions were measured for 30 min by liquid scintillation counting (TriCarb 1600 TR, Packard Instrument Company).
After obtaining the results by ICP and a radioactive measurement, the D values, defined as the ratio of the concentration of metal or the activities in the organic phase vs. that in the aqueous phase, were calculated.
Results and Discussion
Solubility of the reagents in water and D(An)
The solubilities of twelve reagents in water are given in Table  1 . The reagents showing high solubility in water are wellapplicable to use for the reverse-extraction of the metals. EDTA shows low solubility in Table 1 , although this reagent has been studied for the stripping of Am(III) and Cm(III) in TALSPEAK process. 23, 24 Note that the solubility of carboxylic and polycarboxylic acids depends greatly on the HNO3 concentration of the dissolving solution.
The D values of Am(III), Pu(IV) and U(VI) for 0.2 M TODGA/dodecane and 0.1 M reagent/0.24 M HNO3, are given in Table 1 . The D values with TODGA in the absence of these reagents are 0.53 for Am(III), 1.0 for Pu(IV) and 0.026 for U(VI). The decrease of D indicates the effect of stripping An from the aqueous phase; the increase of D suggests the synergistic extraction. The effect on decreasing D(Am) can be seen in DPDGAc and DGA series, and for Pu(IV) in DGAc, DODA, EDTA, DPDGAc and DGA series, while PMAc shows a higher D than the initial values. As shown in Table 1 , PMAc has relatively low solubility in water, which suggests less hydrophilic property. The metal-complex including PMAc can be dissolved, and might be present in the organic phase. Compared to Am(III) and Pu(IV), it has been reported that D of the dioxouranium ion, UO2 2+ , by TODGA is relatively low. 1 U(VI) has a coordination number of 4 -6 in the equatorial coordination site, whose position can hardly accept the tridentate mode complexation. DGA compounds act as a bidentate ligand rather than tridentate one, which suggests weak bonding to U(VI). -3 -10 -1 M are different, -1 for EDTA and DODA, -2 for DGAc, DPDGAc and DGA series. The difference in these slopes is due to their reactions. In order to explain the behavior, the chemical reactions are discussed using the reactions in the aqueous and the organic phases.
Extraction behavior of Am(III) and Pu(IV) in
The extraction reaction of metal and TODGA is described by Eq. (1):
The coefficient, p, for Am(III) and Pu(IV) was measured previously to be 3 -4, 1 and n is the valency of M. The reactions of the complexing formation between the metal and the ligand in the aqueous phase are the following:
The first, second and third order reactions of M with L (ligand) are exhibited in Eqs. (2), (3) described in reaction (2) . The formation constants of EDTA and DODA are summarized in references, 25, 26 and these data indicate the formation of 1:1 complex of An with EDTA and DODA. The slopes for EDTA and DODA are -1, which is in good agreement with the reported values. Figures 2 and 3 suggest the first and second-order reactions ( (2) and (3)) with DGAc, DPDGAc, TMDGA, TEDGA and TPDGA.
The extraction behavior of U(VI) was investigated, and the results are shown in Fig. 4 . As can be seen in Table 1 , the complexation of DGA with U(VI) is weak. Figure 4 shows that D(U) gradually decreases with the TEDGA concentration, indicating a weak complex formation of U(VI) with TEDGA. Other reagents have weaker complexing ability with U(VI) than TEDGA under this condition.
Recovery of water-soluble DGA into the organic solvent
The extraction of TMDGA, TEDGA and TPDGA from the aqueous phase into the polar organic solvent was studied for its recovery and reuse. Three primary alcohols (1-amilalcohol, 1-hexylalcohol, and 1-octylalcohol) were employed as extracting solvents. The recovery is the ratio (%) of the ligand
The results of the recovery are summarized in Table 2 . The recovery increases with the number of carbon atoms in the DGA compounds, and decreases with the increase in carbon atoms in the primary alcohol. Because of the low hydrophilicity, TPDGA can be significantly extracted into a polar solvent. As shown in Table 2 Because of the high D values, it is hard to be completely removed from the organic phase. Consequently, TEDGA, which has enough solubility in water and a high recovery into the primary alcohols, is the best ligand of all those examined in this work for actinides stripping. In the application of TEDGA, it is obvious that the reverseextraction of tetravalent metals is very effective, while that of divalent metals needs a higher concentration. The trend of the affinity with the different oxidation states of metals by TEDGA is tetravalent > trivalent > divalent, which is the same as that of EDTA. 25, 26 In solvent extraction, the order of D in An extractions is reported to be An(IV). An advantage is that DGA compounds are neutral donors, and are ready to use in acidic solution. It is evident that DGAs are stronger reagents to strip An than multidentate carboxylic and aminopolycarboxylic acids. The DGA series and DPDGAc show a high chelating ability with An, and have the same central frame of (O=C-CH2-O-CH2-C=O). These compounds may bond in the tridentate mode. Due to its solubility in water and high recovery with the primary alcohols, TEDGA is the best ligand of those examined in this work. TEDGA is a promising reagent for the back-extraction of An and other metals under the acidic condition.
